BACKGROUND: Recent evidence from juvenile animal models has shown that exposure to anesthetic drugs above threshold doses during a critical neurodevelopmental window causes widespread neuronal apoptosis, resulting in irreversible brain damage and subsequent learning difficulties. The relevance of this to human infants having general anesthesia for minor surgery is unknown. In this pilot observational cohort study, we sought to determine whether children exposed to general anesthesia for minor surgery during infancy exhibited differences in academic achievement at age 12 years, as evidenced by (1) lower aggregate scores in the Singapore standardized Primary School Leaving Examination (PSLE) and (2) formally diagnosed learning disability, compared with children who were never exposed to anesthesia or sedation. METHODS: We compared 100 full-term, apparently healthy children aged 12 years who were exposed to general anesthesia for minor surgery before age 1 at our institution with an agematched cohort of 106 children who were never exposed to anesthesia or sedation. Parents of children completed a 20-minute telephone interview with questions regarding their children's medical history, school environment, and home environment. RESULTS: The difference in mean PSLE aggregate scores (3.0; 95% confidence interval [CI], −8.3 to 14.3) between exposed (197.0; 95% CI,) and control groups (194.0; 95% CI, 182.9-205.1) was not statistically significant (P = 0.603). The presence of formally diagnosed learning disability was 15% (15 of 100) in the exposed group compared with 3.77% (4 of 106) in the control group (P < 0.001). The odds ratio for a formal diagnosis of learning disability in those exposed to general anesthesia relative to controls was 4.5 (95% CI, 1.44-14.1). CONCLUSION: The odds of a formal diagnosis of learning disability by age 12 years in apparently healthy children exposed to general anesthesia for minor surgery during infancy were 4.5 times greater than their peers who had never been exposed to anesthesia. However, study precision was inadequate to detect a clinically relevant difference in PSLE
M illions of children have general anesthesia (GA) every year for surgical procedures and imaging studies. Accumulating evidence from juvenile animal models suggests that exposure to various anesthetic drugs above threshold doses and duration during a critical neurodevelopmental window in the absence of pain, induces widespread neuronal apoptosis, resulting in irreversible brain damage and long-term neurological sequelae which persist into adulthood. [1] [2] [3] [4] [5] [6] The relevance of these data to pediatric anesthesia is still largely unclear. All of the currently available human cohort studies are retrospective in nature, and no causative link between exposure to GA and subsequent neurological deficits has been established. 7 Since 2009, there have been compelling reports which suggest that children exposed to multiple GAs in early childhood are more likely to have behavioral problems, 8 learning disabilities (LDs), 9 and increased risk of attention deficit hyperactivity disorder (ADHD) 10 later in life. A recent retrospective report from Australia demonstrated that children exposed to anesthesia younger than 3 years were at increased risk of deficits in language and abstract reasoning at age 10 years, as determined by direct neuropsychological assessments. 11 This increased risk was detected in children with a single exposure to anesthesia.
Few studies have specifically investigated the longterm functional outcomes of otherwise normal, healthy children having anesthesia for minor surgery. One Danish study examining 2500 children who had anesthesia for inguinal hernia repair as infants 12 demonstrated that participants' academic test scores in ninth grade did not differ statistically from those of a randomly selected sample, after adjustment for known confounders. However, there was an increased trend toward nonattainment of test scores in children exposed to anesthesia in infancy, the cause of which was unexplained. Block et al. 13 studied 577 children who had GA for minor surgery in infancy and found that a disproportionate number of them had very low achievement test scores. However, after excluding aNesthesia & aNalgesia Anesthesia in Infancy on Academic Performance infants with risk factors for central nervous system problems, the remaining 58 infants had mean standardized achievement test scores at school age which did not differ from normal.
Many children have GA in infancy do so as a result of significant medical or surgical comorbidities. It is conceivable that some of these children might suffer long-term neurocognitive effects after anesthesia. These may occur as a result of their illness, surgery, or the anesthesia itself. However, there are many more children who, for various reasons, have a single GA in infancy for seemingly minor elective surgery and suffer no apparent ill effects. It is difficult to accept that these children can potentially come to harm as a result of a so-called "simple anesthetic." The short-term safety statistics of GA in children are impressive. However, parents and health care providers are increasingly concerned with the long-term effects of GA on their children's brains; in particular, whether there will be any impact on future academic performance. In light of the growing evidence, it seems prudent to consider the possibility that a seemingly uneventful anesthetic in infants may result in anesthesia-induced brain injury that may impact their future academic performance.
To address the question of whether a brief exposure to GA affects an otherwise normal child's future academic performance, we conducted a pilot observational cohort study targeting an initial cohort of 182 full-term, apparently healthy infants born in 1998 and 1999 who had minor surgeries during infancy at our institution. We observed their academic performance at age 12 years, comparing them with a control group of children who had never been exposed to GA or sedation.
Objectives
We sought to determine whether exposure to GA during infancy predisposes otherwise apparently healthy children to LD and poorer academic achievement at age 12 years.
Our study aim was to investigate whether exposure to GA for minor surgery during infancy in apparently healthy children, i.e., children with no significant comorbidities or risk factors for central nervous system disorders, is associated with poorer academic achievement at age 12 years, as measured by (1) their aggregate scores on the Primary School Leaving Examination (PSLE), a high-stakes national examination taken at age 12 years and (2) presence of formally diagnosed LD by age 12 years.
METHODS
This retrospective observational cohort study was conducted by the department of anesthesia at KK Women's and Children's Hospital, Singapore. After approval from our IRB, a waiver of written informed consent was obtained, because our study involved a telephone interview with subjects' parents who verbally agreed to participate in the study, implying consent.
Recruitment of Exposed Group
We included all children from our departmental anesthesia database born between 1998 and 1999 at full term (37 weeks or older), ASA class I or II, who had sevoflurane GA before their first birthday. These children had minor surgeries, which included inguinal herniotomies, circumcisions, cystoscopies, and pyloromyotomies. All surgeries lasted between 30 and 120 minutes, involved relatively little tissue dissection, and the children did not require long-term follow-up.
The exclusion criteria were:
• Prematurity (defined as gestational age <37 weeks)
• Presence of a genetic or chromosomal disorder • Disorder of the central nervous system, including any seizure disorder • Major congenital cardiac defects • Severe renal disorders • A positive family history of developmental delay, intellectual disability, psychological disorder including autism and ADHD
The anesthesia audit records previously completed at the point-of-care for all eligible exposed subjects were reviewed. The following information was obtained: age of the child at time of exposure to GA and surgery, exact nature of the surgery, duration of the GA, details of anesthetic drugs and techniques used, and any apparent perioperative anesthesia and surgical complications. The children received IV induction with thiopental or inhalational induction with sevoflurane, and GA was maintained with sevoflurane via endotracheal intubation or laryngeal mask airways. All children were monitored intraoperatively with pulse oximeter oxygen saturation (Spo 2 ), noninvasive arterial blood pressure, electrocardiogram, and end-tidal CO 2 per American Society of Anesthesiologists (ASA) standards.
Recruitment of Control Group
A group of apparently healthy controls born at full term in 1998 and 1999, with no significant comorbidities, was identified from our hospital birth registry. Only children previously unexposed to GA, sedation, or surgery were eligible for inclusion in the control group.
The exclusion criteria were the same as that for the exposed group:
• Prematurity (defined as gestational age <37 weeks) • Presence of a genetic or chromosomal disorder • Disorder of the central nervous system, including any seizure disorder • Major congenital cardiac defects • Severe renal disorders • A positive family history of developmental delay, intellectual disability, psychological disorder including autism and ADHD Because patients in Singapore are free to choose the institutions from which they wish to receive medical care, and medical records are not shared among institutions, detailed medical information including comorbidities and previous exposure to GA and surgery was unavailable at the time of subject selection. Detailed medical information for each subject was only obtainable at the time of the telephone interview.
We sent a letter explaining the study to the parents of all potentially eligible subjects, and parents indicated their willingness to participate by returning a reply slip in a selfaddressed envelope. Due to the long time lapse from the date of surgery, the mailing addresses for parents in our medical records were frequently out of date. If we did not receive a response from the parent within 2 weeks after the letter was sent, attempts were made to contact them by telephone. Parents who indicated a willingness to participate by telephone completed a 20-minute telephone questionnaire containing details of their child's medical, anesthetic, and surgical history, as well as home environment and school environment. (Appendix 1). Information obtained on medical history included all previous hospital visits, all previous exposure to GA, sedation and surgery, and verification that the subject did not meet any of the exclusion criteria listed above. Information obtained on the home environment included maternal and paternal education (indicators of socioeconomic status), marital status, living arrangements, and the child's birth order. Information obtained on the school environment included whether the child liked attending school, got along with his/her classmates, and whether the child had any formally diagnosed or parental-perceived learning difficulties.
The Telephone Questionnaire
Our telephone questionnaire was developed in consultation with the Department of Psychology and Department of Child Development at KK Women's and Children's Hospital based on guidelines by Anderson and Morgan on developing tests and questionnaires for a National Assessment of Educational Achievement published by the World Bank. 14 The questionnaire comprised questions on the subject's medical, educational and social history (Appendix 1). Questions on medical history sought to determine the subject's current condition and medical history, identify any exclusion criteria, as well as to verify history of exposure to GA or sedatives, previous surgery, and hospital visits. Questions on education history comprised questions relevant to the local education system and sought to determine whether the subject was in a mainstream school in the local school system, whether he/she got along with teachers and classmates, (an indication of social skills and learning ability), whether he/she received extra help or remedial classes (an indication of LD), whether he/she received extra tuition outside curriculum hours (a social phenomenon in Singapore as parents attempt to give their children extra help, a potential confounder for PSLE results), and whether he/she exhibited obvious behavioral problems. The primary outcome measure was the PSLE aggregate score. We investigated parental perception of LDs in their children but only classified the subject as having a formal diagnosis of disability if a medical or educational professional had diagnosed him/her according to the Diagnostic and Statistical Manual of Mental Disorders IV (DSM-IV) criteria or if he/she attended a special education school. Questions on the home environment include parental occupation and housing (an indication of socioeconomic status), paternal and maternal education (maternal education has consistently been shown as an important factor in a child's education achievement), whether the child lives with 1 or both of the parents (stability of the home is seen as an important factor in a child's educational achievement), the birth order of the child, and whether the child has an older sibling who acts as a role model or mentor (perceived to be important in educational attainment in the local context, though evidence for this is still controversial).
Diagnosis of Learning Disability
We described 2 categories of LDs: (1) parental-reported LD and (2) formally diagnosed LD. During the telephone interview, parents were asked whether they perceived their child to have an LD. If so, we classified the child as having a "parental-reported LD." We then asked why the parent perceived the child to have an LD. If the child had been formally assessed and diagnosed with a named LD by an independent physician, occupational therapist, educational psychologist, and/or required special education, we classified the child as having a "formally diagnosed LD." The Ministry of Education (MOE) employs Chartered Educational Psychologists for schools, and all special education schools are overseen by the MOE. The following conditions described under the DSM-IV published by the American Psychiatric Association were included in our formal diagnoses of LD: developmental speech and language disorders; academic skills disorders such as developmental reading disorder (dyslexia); developmental writing disorder (dysgraphia); developmental arithmetic disorder (dyscalculia) and motor skills disorders which can delay one's ability to learn, such as an inability to coordinate appropriate body movements (dyspraxia). We also classified children with autism, autism spectrum disorders, and ADHD as having a formal LD as these conditions are associated with a constellation of symptoms which may negatively affect the learning. Detailed statistical analysis was performed only on subjects with formal diagnoses of LD but not on subjects with parental-reported LD.
Academic performance was recorded prospectively based on the aggregate scores from the standardized PSLE which is a high-stakes national examination administered to all children attending state schools in Singapore before completion of their primary school education, typically at 12 years of age. Children with mild to moderate LD attend the mainstream state schools and receive extra assistance from Primary 1 (grade 1) via the Learning Support Program. Children with multiple or severe LDs attend special education schools governed by voluntary welfare organizations that are overseen and supported by the MOE. The special education schools specialize in different programs catering to the needs of distinct groups of LDs in children. Children who attend special education schools do not sit for the PSLE.
The PSLE Aggregate Score
The PSLE is a national examination administered by the MOE taken by all students attending state schools in Singapore near the end of their sixth year in primary school (grade 6 equivalent), typically when the children are 12 years old. This nationwide examination tests the English language, the mother tongue languages (typically Chinese, Malay, or Tamil), mathematics, and science. The format of the PSLE and its presence in the Singapore education system give it a part in national culture. Although each student has an absolute score, this score is compared with other
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Typically aggregate scores range from 0 to 300. The score is calculated based on a bell curve. In each examination subject, a T-score is computed based on the raw examination score as follows where:
in which T is the T-score, x is the student's raw score, μ is the mean (i.e., average) raw score, and σ is the standard deviation of raw scores. By definition, then, the average T-score in each subject is 50. Since there are 4 examination subjects, the average aggregate score is always 200. This allows the T-scores to be compared across different examination years.
The PSLE score was chosen as the ideal outcome measure in this study because as a state examination administered at age 12 years, it precludes the need for another standardized test. Although the PSLE T-score is not a true measure of a child's intelligence and depends on a variety of environmental factors, it is based on a standardized examination administered to all children before they leave primary school. This is a high-stakes examination in the local context and, to a large extent, is an objective and functional measure of their academic achievement at age 12 years.
Statistical Analysis
In a comparison of patient characteristics between exposed and control groups, categorical variables were summarized as frequency counts and percentages and compared using Fisher exact test; continuous variables were summarized as mean ± SD and compared using a t test. Multivariate analysis of variance was used to compare PSLE aggregate scores which were then compared between subjects and controls while adjusting for other confounders. Initially, a preliminary model was entertained that incorporated effects for exposure group, gender, mother's education, formal diagnosis of LD, housing class, LD × exposure status interaction, and mother's education × gender interaction. The interactions were subsequently dropped from the model when they were found to be statistically nonsignificant in favor of a model containing only the main effects. Additionally, using the main effect model, we compared PSLE scores between exposed and control groups, both in the presence and absence of formal LDs. The analysis of formal LDs as a binary response variable (present/absent) consisted of performing stepwise logistic regression on a variable pool to identify any significant predictors among the variables recorded. Variables in the selection pool were exposure (GA or control), mentoring by older siblings, gender, mother's education, father's education, living arrangement, birth order, and housing class. Significance levels to enter and stay were set at 0.05. For all tests, a P-value <0.05 was considered statistically significant. All analyses were conducted using SAS V9.2 (SAS Inc., Cary, NC).
RESULTS
Two hundred fifty-seven exposed subjects were identified from the database, 182 of their parents were contactable by mail or telephone, 55 met the exclusion criteria based on medical records, 24 parents declined participation, 103 parents were recruited and completed the telephone interview after which 3 of these were excluded from analysis because during the telephone interview they were found to have significant comorbidities. Three hundred twenty-two potential controls were identified from the hospital birth cohort, 197 were contactable, 29 met the exclusion criteria from the case records, and 49 parents declined participation. One hundred nineteen controls were recruited and completed the telephone interview. During the telephone interview, 13 of these were excluded for analysis as they were found to have had previous exposure to anesthesia or sedatives.
A total of 100 exposed subjects and 106 controls were analyzed. Figure 1 summarizes the subject selection and recruitment for the exposed and control groups. There were no statistically significant differences in demographic characteristics of race, gender, and types of surgeries between the subjects who were contactable and those who were not contactable. Table 1 shows the characteristics of exposed subjects and controls. During their first exposure to GA in infancy, all children received IV induction with thiopental or inhaled induction with sevoflurane, and GA was maintained with sevoflurane via endotracheal intubation or laryngeal mask airways. Seventy-three children received inhaled induction with sevoflurane, 25 received IV induction, 24 with thiopental, and 1 with propofol. Most children received regional anesthesia appropriate for their surgery (caudal 57%, ilioinguinal nerve block 19%, or penile nerve block 7%), and one-third received IV opioids (fentanyl 27%, morphine 1%). All children were monitored intraoperatively with Spo 2 , noninvasive arterial blood pressure, electrocardiogram, and end-tidal CO 2 per ASA standards. Three of these anesthetics were associated with perioperative critical incidents: all were transient episodes of hypoxia related to laryngospasm, which resolved with oxygen, positive pressure ventilation, and/or succinylcholine treatment. None of the children involved required extra monitoring in the intensive care or high dependency unit postoperatively. All surgeries appeared uncomplicated at the time.
PSLE Scores
The unadjusted mean (SD) aggregate PSLE score was 200.4 (39.2) for the exposed group and 205.4 (39.6) for the control group. The difference (−5.02; 95% confidence interval [CI], −16.0 to 6.0) was not statistically significant (P = 0.370). The PSLE aggregate score for exposed versus control group was compared for children both with and without LDs. Without LDs, mean PSLE was 204.3 for exposed vs 205.7 for control (diff = −1.3; 95% CI, −12.3 to 9.7); with LDs, mean PSLE was 172.6 for exposed vs 198.8 for controls (diff = −26.2; 95% CI, −90.6 to 38.3). Figure 2 shows the frequency of distribution of PSLE aggregate scores between subjects and controls with and without LDs.
Five children did not sit for the PSLE. These included 4 children in the exposed group, 3 who attended special schools and 1 with no reported LD who migrated overseas to a different education system and 1 child in the control group who had a diagnosed LD who was able to attend a mainstream school but was retained in grade 2 for a year so had not yet sat for the PSLE at the time of the telephone interview.
Analysis of variance was used to investigate the effects of exposure (P = 0.947), formally diagnosed LD (P = 0.003), gender (P = 0.010), maternal education (P = 0.002), housing category (P = 0.021), exposure × learning interaction (P = 0.669), and maternal education × gender interaction (P = 0.336) on aggregate PSLE scores ( Table 2) . For maternal education, mean PSLE scores for the ordinal In a comparison of exposure × LD interaction of PSLE score means, children with formally diagnosed LD achieved lower PSLE aggregate scores compared with children without formally diagnosed LD. The adjusted mean PSLE for children without LD was 214.5 for those exposed to GA vs 210.7 for controls (diff = 3.8; 95% CI, −7.7 to 15.3). The adjusted mean PSLE scores for children with LD was 177.9 in those exposed to GA vs 183.3 for controls (diff = −5.3; 95% CI, −47.0 to 36.3). Additionally, children with formally diagnosed LD achieved lower PSLE aggregate scores than children without LD in both the exposed group (LD, 177.9; no LD, 214.5) and the control group (LD, 183.2; no LD, 210.7). For the exposed group, the difference in PSLE scores between children with formally diagnosed LD and those with no LD was significant (36.7; 95% CI, 14.4-58.9; P = 0.001). In contrast, for the control group, the difference in Mean PSLE scores increase and then plateau with mother education level: 2-5 are significantly higher than 1 (P ≤ 0.038); 3-5 are significantly higher than 2 (P ≤ 0.026); 3-5 are not significantly different. e Mean PSLE scores increase and then plateau with housing category, reflective of SES: 1 and 2 are not significantly different; 3-5 are significantly higher than 1 (P ≤ 0.015); 2 and 3 are not significantly different; 4 and 5 are significantly higher than 2 (P ≤ 0.032); 3-5 are not significantly different.
PSLE scores between children with formally diagnosed LD and those with no LD was not significant (27.5; 95% CI, −8.4 to 63.4; P = 0.132). The gender × maternal education level interaction was not significant (0.336). Additional hours of tutoring had no significant effect on the PSLE aggregate scores. Results of the analysis of PSLE aggregate score are summarized in Table 2 .
Overall, after adjustment for potential confounders (gender, maternal education, housing category, and formal diagnosis of LD), the difference in mean PSLE score between the exposed (197.0; 95% CI, 185. 6-208.4 ) and the control group (194.0; 95% CI, 182.9-205.1) was not statistically significant (P = 0.603). The adjusted difference with 95% CI was 3.0 (−8.3 to 14.3).
Learning Disability
Twenty-seven percent (27 of 100) of parents in the exposed group perceived their children to have an LD, compared with 4.71% (5 of 106) in the control group (P < 0.001) (diff = 0.223; 95% CI, 0.119-0.326). Of these, 15 children (15%) in the exposed group had a formal diagnosis of LD made by an independent medical or educational professional, compared with 4 children (3.77%) in the control group (P < 0.001.)
Stepwise logistic regression was performed on formally diagnosed LD as a binary response variable. The selection pool of potential predictors of LD consisted of previous exposure to GA, race, gender, maternal education, paternal education, parental living arrangements, birth order, and afterschool care. Due to incomplete patient variable profiles, only 200 of 206 patients were included in the stepwise analysis (183 no LD and 17 LD patients). The only significant predictor of formally diagnosed LD identified by the stepwise procedure was previous exposure status (GA, control) to GA (P = 0.019). Consequently, univariate logistic regression was performed using previous exposure to GA as the single identified significant predictor of formally diagnosed LD (P = 0.010) in which all 206 patients were included (187 no LD and 19 LD patients). In the univariate analysis, the odds ratio (OR) of having a formally diagnosed LD in exposed children relative to controls was 4.50 (95% CI, 1.44-14.1).
Of the 15 children with formally diagnosed LD, 10 had undergone a single anesthetic and 5 had 2 or more anesthetics (P = 0.147). For children who had only a single anesthetic, the OR of having a formally diagnosed LD was 4.38 (95% CI, 1.39-13.9). Area under the receiver operating characteristic curve based on exposure status (GA, control) as the single identified predictor of formally diagnosed LD was 0.67 (95% CI, 0.57-0.77).
Frequency distributions of LD types were compared between exposed children and controls (Table 3 ) and found to be significantly different (P = 0.033). Statistical significance is attributed to presence of LD related to math, dyspraxia, ADHD/Asperger syndrome, and the need for special education among the exposed group and was inferred from the contribution of these 4 particular LDs to the total χ 2 statistic.
DISCUSSION
GA-induced neurotoxicity is a phenomenon that was recognized only relatively recently. In animal models, nearly all the currently available anesthetic drugs have been implicated, including benzodiazepines, barbiturates, ketamine, propofol, etomidate, halothane, isoflurane, sevoflurane, desflurane, and nitrous oxide. These compounds are thought to act primarily as γ-aminobutyric acid receptor modulators and N-methyl-d-aspartic acid receptor antagonists, 15 and exposure to these drugs is thought to interfere with normal brain maturation and produce apoptotic neurodegeneration. 16, 17 Vulnerability to this neurotoxicity is greatest during the period of rapid synaptogenesis and presumably reflects disruption of the normal balance between excitation and inhibition during this critical period of brain development. In rodents, this period occurs shortly after birth during the first 2 weeks of life. 18 In monkeys, this occurs from day 122 in utero to 1 month postnatally, 19 and in humans, this is thought to correspond to a period from the third trimester of gestation to approximately 1 year of age. Thus, in theory, humans may be more susceptible to GA toxicity from the prepartum period through infancy. 20 We showed that in our cohort of apparently healthy children, i.e., children with no comorbidities or risk factors for central nervous system diseases, those who had GA during infancy for relatively minor surgeries had 4.5 times higher odds of being diagnosed with an LD relative to their peers who had never been exposed to anesthesia or sedation. Children who had a single GA had a 4.38 times higher odds of being diagnosed with an LD at age 12 years. Children with diagnosed LD in the exposed group did significantly poorer academically than those without LD. However, children in the exposed group without formally diagnosed LD did not have statistically different academic achievement scores relative to controls. Overall, we did not find a statistically significant difference in the PSLE aggregate scores between the exposed and control groups in this study, after correcting for gender and other known confounders, regardless of the presence or absence of LD.
Our results are similar to that of Ing et al., 11 who found an approximately 2-fold increase in odds of LD in language and abstract reasoning at age 10 years in children exposed to multiple anesthetics before age 3 years. This risk also applied to those children with a single anesthetic exposure before age 3 years. We found 4.5-fold increased odds Exposed group  85  15  3  4  2  2  2  2  100  Control group  102  4  0  3  1  0  0  0  106  Total  185  19  3  7  3  2  2  2  206 Learning disability profiles between exposed and control group were significantly different (Fisher exact test, P = 0.033). Statistical significance is attributed to absence of learning disability related to math, dyspraxia, attention deficit hyperactivity disorder (ADHD)/Asperger syndrome and need for special education among the controls.
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Anesthesia in Infancy on Academic Performance of being diagnosed with an LD at age 12 years in apparently healthy children who were exposed to GA for minor surgery in infancy. This difference in magnitude of OR may reflect the earlier age of exposure to anesthesia in our cohort (before age 1 year), or possibly the different anesthetic technique or drugs used. Our results are in line with these of Block et al., 13 who studied 577 children who had minor surgery similar to those in our cohort (herniotomies, orchidopexies, pyloromyotomies, circumcisions) in infancy. They found that of the 58 infants without central nervous system problems/potential risk factors, a significant proportion (14%) scored below the 5th percentile; however, their mean standardized test scores were not significantly lower than in the normal population. Our results are similar to theirs in that despite our exposed cohort exhibiting a 4.5-fold increased odds of having an LD over the controls, the mean aggregate PSLE scores for our 2 study groups (GA, control) were not significantly different.
Our results also agree with the findings of Hansen et al., 12 who studied the effects of inguinal hernia repair during infancy on achievement test scores and teacher ratings in >2500 Danish children. They found that after adjusting for known confounders, there was no effect of exposure in children for whom test scores were available. However, there was a significantly higher proportion of children in whom test scores were unavailable in exposed children (21%) relative to unexposed children (13%). The unavailability of test scores in the exposed children may reflect a higher proportion of children with LD or special needs, although the authors did not address this in their report.
The fact that we did not find an overall effect on the PSLE score despite a high proportion of children with LD may be explained by the following. First, our sample size was small, and the confidence intervals of the PSLE scores were wide. Second, 3 of the 15 (20%) children with LD in the exposed group required special education and did not sit for the PSLE. This may suggest that children who are most affected did not sit for the PSLE and the negative impact of their academic performance was not reflected in the overall PSLE scores for the exposed group. Third, in our questionnaire, we sought to identify all types of LD which may negatively impact the child's learning ( Table 3 ). Most of these are academic skills disorders. However, the types and severity of LD varied widely, ranging from dyslexia to dyscalculia to language disorders to dyspraxia to significant disabilities requiring special education. Disabilities such as dyslexia could be compensated for with special help, and indeed children with dyslexia are given extra help through the Learning Support Programme and extra time and assistance during the PSLE. Likewise, the 2 children diagnosed with dyspraxia in our cohort had no apparent problems with their cognitive abilities but had problems with fine motor movement and spatial orientation. They received occupational therapy and extra help during the PSLE, which could have mitigated any potential negative impact of their disability on their PSLE results.
The strength of our study lies in the proposition that instead of relying solely on epidemiological data, medical records of the exposed subjects were reviewed and all the parents of exposed subjects and controls completed a detailed structured telephone interview which provided current information of how the children were doing academically at age 12 years. The fact that our subjects were born in 1998 to 1999 also provides clinically relevant data pertaining to current anesthetic techniques such as the use of sevoflurane anesthesia with standard ASA monitoring, in contrast to previous studies evaluating children born in the years 1976 to 1995, 7-10 when the use of halothane anesthesia was more prevalent. Our exposed cohort consisted entirely of apparently healthy, term infants with no known risk factors for central nervous system disorders or family history of psychological disorders who had minor surgery. This minimized the effect of comorbidities and surgery on their long-term neurocognitive outcomes.
Our study was limited by our relatively small sample size, which limited the likelihood of detecting a statistically significant difference in the PSLE aggregate scores between the exposed and control groups. This may imply that children in the exposed group had a wide range of academic abilities, the high achievers could have compensated for the relatively low scores achieved by those children with LD. It may also be that there is a difference but it is so subtle that it was not reflected in the PSLE aggregate scores. Given a relatively large standard deviation (±34) in the PSLE scores in our cohort, to detect a clinically significant difference of 5 points in PSLE scores, we would require a sample size of 726 subjects in each group. Another limitation of our study is that there could be some bias during selection of the exposed and control groups. Parents of exposed children who worry or perceive their child to have an LD may have been more likely to agree to participate in the study. This possible recall bias is demonstrated by the high incidence of parentally reported LD of 27% in the exposed group compared with 4.7% in the control group. However, it is unlikely that recall bias would account for a 4.5-fold odds of formally diagnosed LD in the exposed group.
The finding that our cohort of children exposed to GA as infants did not appear to perform worse academically or functionally at age 12 years compared with their peers who had never been anesthetized is somewhat reassuring, although our study sample size was inadequate to detect a more subtle difference. However, we are concerned that a high proportion of exposed children exhibit learning abilities which are not normal relative to their nonexposed peers. These apparently healthy children had GA for minor surgery in infancy, grew up in their own environment, and a higher than expected proportion of them exhibited LD which were subsequently identified by individual professionals (unrelated to this study) who declared that they had a problem. While it is likely that there are individual variations in the way the various medical and educational professionals diagnosed LD, the diagnoses were made independently in the real world. The parents did not actively seek to have their children diagnosed with an LD because they suspected their children may have had a problem after anesthesia. Indeed during the telephone interview, the vast majority of parents were surprised that we were studying potential long-term effects of GA.
The finding that children exposed to even a single GA for minor surgery in infancy are much more likely to have a formally diagnosed LD at age 12 years is disturbing. While most children who have GA in infancy do so for compelling medical or surgical reasons, some infants have GA for minor elective surgery such as herniotomies, circumcisions and aesthetic procedures. As pediatric anesthetists, we frequently encounter parents who wonder whether they are "doing the right thing" by allowing their otherwise healthy children to have nonurgent surgery in infancy. Many question whether exposure to GA at this age will affect their children's neurocognitive development in the long term. We are unable to provide a reassuring answer to them at this time. Many physicians are unaware of the implications of subjecting an infant or neonate to GA for diagnostic or therapeutic procedures. They frequently assume that a simple procedure requires "only a simple anesthetic" which has little or no consequence to the child's subsequent development. The results of our study are contrary to this belief and should alert the clinician to the potential association of GA in infancy and long-term neurocognitive implications.
A larger study is needed to confirm the findings of this pilot study. If the findings are reproduced, more effort should be made to identify the intellectual domains affected during specific stages of brain development. Risk factors for developing neurocognitive impairment should be identified and early intervention should be instituted in children who are at risk. Studies on the long-term effects of GA on neurocognitive outcomes based on retrospective cohorts are subject to many potential confounders and can only establish association but not causation. Prospective studies attempting to separate the effects of GA from the surgical procedure are necessary to establish a causative link between GA and long-term neurocognitive deficits. One such study is the GAS study (An International Randomized Controlled Trial Comparing Regional and General Anesthesia for Effects on Neurodevelopmental Outcome and Apnoea in Infants) 21 comparing GA sevoflurane with regional anesthesia in 660 infants having inguinal hernia repair. Neurocognitive outcomes will be assessed at 2 years using the Bayley Scales for Infant Development-III and at 5 years with the Wechsler Preschool and Primary Scale of Intelligence-III and additional neuropsychological tests. This study is currently completing recruitment and results are anticipated in the near future.
In the light of our current findings, we should be cognizant of the association between GA in infants and neurocognitive deficits and continue to rigorously investigate the relevance of these and preclinical reports in the care of the If the child has any of these criteria, he/she is excluded from the study.
